1. INTRODUCTION {#sec1}
===============

Pain is an unpleasant sensory and emotional experience associated with actual or potential tissue damage \[[@r1]\]. Pain is a complex and subjective phenomenon, resulting from the interplay between systems signaling noxious events and pain-modulating processes \[[@r2]\]. More than 1.5 billion people worldwide suffer from chronic pain of varying degrees \[[@r3]\], with chronic pain affecting the lives of hundreds of millions \[[@r4]\]. Chronic pain may lead to deleterious effects on health, employment, economy, and quality of life \[[@r5]\]. The economic impact of chronic pain in the United States ranges from \$560 billion to \$635 billion a year \[[@r3]\], which is greater than the economic burden of heart disease, or the combined cost of cancer and diabetes.

Among all types of chronic pain, the relentless discomfort of neuropathic pain has the greatest impact on the quality of life, with approximately 3-4.5% of the global population affected \[[@r6]\]. Unfortunately, pain management therapies for neuropathic pain are inefficacious, problematic, or have abuse potential. Neuropathic pain is due to a dysfunction of, or damage to, a nerve or group of nerves \[[@r7]\]. While acute pain can be effectively managed with nonsteroidal anti-inflammatory drugs and opioids, these agents are less efficacious for chronic neuropathic pain associated with inflammation and nerve injury.

Growing evidence suggests that natural phenolic compounds play preventative and therapeutic roles in neurodegenerative diseases and inflammatory pathological states. The therapeutic potential of these bioactive compounds is due to their antioxidant and anti-inflammatory properties \[[@r8]-[@r11]\]. Chlorogenic acid (CGA), which is formed by the condensation of caffeic acid with quinic acid, is widely present in nature and is one of the most abundant polyphenols in the human diet \[[@r12]\]. CGA is found ubiquitously in plants, fruits, and vegetables \[[@r13]\]. The highest levels of CGA are found in green coffee beans \[[@r14], [@r15]\]. Coffee is widely consumed throughout the world and contains high levels of CGA. However, the roasting process reduces the CGA content. The CGA levels in a 200 ml cup of coffee have been reported to range from 70-350 mg \[[@r13]\]. It is unclear at this time if the levels of CGA present in brewed coffee made from roasted beans are of clinical significance.

Recently, CGA has been shown to have potent anti-inflammatory, antigenotoxic, and antioxidant activities \[[@r14]-[@r21]\]. Among these activities, the anti-inflammatory and antinociceptive effects are by far the least explored, but CGA-rich medicinal plants are used as traditional medicines to relieve pain in inflammatory processes in many countries \[[@r22]-[@r24]\]. In this review, we will summarize and interpret recent experiments in the field of phenolic compound research. This review summarizes the beneficial effects of CGA on inflammation and pain *in vitro* and *in vivo*.

2. ANTI-INFLAMMATORY PROPERTIES OF CHLOROGENIC ACID {#sec2}
===================================================

Prolonged dysregulation of the immune system can lead to the development of non-communicable diseases, such as autoimmune disorders: 50 million Americans have autoimmune diseases \[[@r25]\]. The World Health Organization announced that the frequency of these diseases is accelerating across all geographic regions and socioeconomic classes. Moreover, chronic diseases are expected to account for 73% of all deaths and 60% of the global burden of disease by 2020 \[[@r26]\]. Immune system dysregulation has been implicated in numerous disorders. Cardiovascular diseases, cancer, chronic obstructive pulmonary disease, and type 2 diabetes are four of the most prominent chronic diseases, which may result from, or lead to, inflammation and/or oxidative stress. A considerable amount of literature suggests that oxidative stress and inflammation contribute to over 100 diseases, including arthritis, meningitis, lupus, multiple sclerosis, and Alzheimer's disease \[[@r27]\].

Plant-based immunomodulators can be used to prevent inflammatory disease progression or frequency. Immunomodulators can either increase or decrease the magnitude of the immune response. The immunomodulatory effects (cytokine secretion, phagocytosis promotion, macrophage activation, and immunoglobulin production) of herbal remedies have recently gained the attention of researchers \[[@r28]\]. CGA has strong immunomodulatory effects, which might represent a promising approach for inflammatory disease management.

The inflammatory process has three major components: hemodynamic changes, leukocytic exudation, and chemical mediators with the related hormonal responses. These components include the modulation of vascular events, chemotaxis, macrophage activation, cytokine secretion, and immunoglobulin production \[[@r29], [@r30]\]. Inflammatory stimuli induce gene expression of cytokines, initiating the inflammatory response. Tumor necrosis factor-alpha (TNF-α) is a major cytokine involved in the initiation of the inflammatory response. Its actions include induction of other cytokines, such as interleukin (IL)-1 and IL-6, priming of polymorph nuclear leukocytes, and up-regulation of adhesion molecules. Stimulation of macrophages/monocytes, fibroblasts, and epithelial cells with IL-1β and TNF-α leads to prostaglandin (PG)-E~2~ production *via* arachidonic acid metabolism, which consequently leads to edema. Therefore, impairment of TNF-α synthesis/release or impairment of other pro-inflammatory cytokines are alternative methods of PGE~2~ inhibition, which can prevent edema by anti-inflammatory effects \[[@r31]\].

Various inflammatory stimuli and inflammatory cells such as macrophages can activate the nuclear factor kappa B (NF-κB) signaling pathway. This activation can lead to inflammation and cell proliferation \[[@r32], [@r33]\]. Following the translocation of NF-κB into the nucleus, the expression of specific genes involved in inflammation or immunomodulation is increased, leading to a cell survival response or cellular proliferation \[[@r34]\]. NF-κB activation also induces the transcription of inducible nitric oxide synthase, leading to nitric oxide (NO) production. NO is a pro-inflammatory mediator that contributes to the pathogenesis of inflammatory disorders \[[@r35], [@r36]\]. Overproduction of these pro-inflammatory mediators causes inflammation. Therefore, the characterization of new substances that modulate NF-κB and overproduction of pro-inflammatory mediators is a topic of considerable research interest \[[@r37]\]. CGA and its metabolites are being actively studied in the context of inflammation and related disorders caused by dysregulation of NF-κB.

2.1. CGA is Anti-inflammatory in Animal Models of Sepsis {#sec2.1}
--------------------------------------------------------

During septic shock, lipopolysaccharide (LPS), the major component of external membranes in gram-negative bacteria, induces expression of TNF-α, IL-1, IL-6, NO, PGE~2~, and other pro-inflammatory mediators \[[@r38], [@r39]\]. Shan *et al*. showed that CGA significantly decreased LPS-induced cyclooxygenase (COX)-2 up-regulation and inhibited PGE~2~ release in RAW264.7 cells *via* attenuation of NF-κB and c-Jun N-terminal kinase (JNK)/activation protein-1 (AP-1) signaling pathway activation \[[@r40]\]. These results suggest that CGA may have anti-inflammatory effects by inhibiting PGE~2~ production. Further, CGA, in a concentration-dependent manner, is able to strongly inhibit the production of TNF-α and IL-6 by human peripheral blood mononuclear cells stimulated by staphylococcal exotoxins \[[@r41]\]. Further, CGA inhibits the synthesis of other mediators, such as IL-1β, interferon-γ, monocyte chemotactic protein-1, and macrophage inflammatory protein-1α \[[@r41]-[@r43]\].

Additional mechanisms of CGA-mediate inhibition of inflammation include modulation of toll-like receptors (TLRs) and high mobility group box 1 in animal models of sepsis. TLRs are known to interact with pro-inflammatory mediators that are released during ischemia, and this interaction activates the innate immune system \[[@r44]\]. As shown in Fig. **[1](#F1){ref-type="fig"}**, the mechanisms underlying the action of CGA include attenuation of TLR-4 expression and suppression of sepsis-induced signaling pathways, such as JNK, p38-mitogen-activated protein kinase (MAPK) and NF-κB \[[@r45]-[@r47]\], suggesting that CGA modulates cytokine and chemokine release, and suppresses immune cell apoptosis \[[@r48]\]. *In vivo* investigations corroborate these results; chronic oral administration of CGA prevents acetaminophen-induced hepatotoxicity: TLR-3/4 and MyD88 expression, expression of phosphorylated p65 subunit of NF-κB, and serum levels and liver mRNA expression of TNF-α, IL-1β, IL-6, and monocyte chemoattractant protein-1, are all reduced \[[@r43]\]. Moreover, intraperitoneal injection of CGA lowers neutrophil infiltration in the liver through the modulation of TLR-4, TNF-α, and NF-κB signaling in LPS-treated mice \[[@r46]\]. CGA's protective mechanisms extend to include inhibition of phosphorylation-mediated activation of JNK, p38-MAPK, extracellular signal-regulated kinase (ERK) 1/2, and upstream molecular signals \[[@r49]\]. High mobility group box 1, another important inflammatory factor, is released largely during immune system activation and inflammatory damage \[[@r50], [@r51]\]. Administration of CGA attenuates systemic HMGB-1 accumulation *in vivo* and prevents mortality induced by endotoxemia and polymicrobial sepsis \[[@r45], [@r52]\].

The anti-inflammatory activity of CGA in animal models of sepsis may be related to its antioxidative properties \[[@r49], [@r53]-[@r56]\]. For example, as a free radical scavenger and antioxidant, CGA prevents chemically-induced damage in the liver and in primary cortical neurons by reducing oxidative damage and apoptosis \[[@r49], [@r55]\]. Integrating intracellular pathways with the inhibition of NF-kB activation and/or inhibition of pro-inflammatory cytokine release are similar components of both antioxidant and anti-inflammatory mechanisms \[[@r57]-[@r59]\].

2.2. CGA May Be Protective in Neurodegenerative Inflammatory Disease Models {#sec2.2}
---------------------------------------------------------------------------

Inflammation is a major contributor to the pathogenesis of chronic diseases such as diabetes, neurodegeneration, and cancer \[[@r60], [@r61]\]. CGA may have beneficial health outcomes (such as neuroprotective, gastroprotective, renoprotective, antirheumatic, and anti-atherothrombotic effects) against many inflammatory disorders \[[@r62]-[@r65]\]. The mechanism by which CGA is beneficial in inflammatory disease states may be due to its immunosuppressive effects; pro-inflammatory factors released by activated microglia may contribute to the progression of neurodegenerative diseases, whereas CGA prevented neurotoxicity caused by microglial activation and ultimately improved survival of dopaminergic neurons \[[@r66]\]. Notably, CGA protects dopaminergic neurons against neuro-inflammatory conditions associated with Alzheimer's disease \[[@r67]\]. In addition, it has been reported that CGA was able to improve some measures of cognitive function \[[@r68]\]. CGA may show neuroprotective effects in the case of pro-inflammatory factor-mediated neurodegenerative disorders \[[@r66]\]. Possible mechanisms of immunosuppression in a model of LPS-stimulated primary microglial activation include suppressing: NO production, TNF-α release, and NF-κB translocation. Oral administration of coffee extract and CGA has been reported to protect against retinal degeneration as well \[[@r64], [@r65]\]. While optimistic, the results of these clinical studies would need to be replicated by independent researchers in order to conclude that CGA is a viable treatment for Alzheimer's disease or other degenerative diseases.

Bioactive polyphenolic compounds have the potential to act as pro-oxidants under certain circumstances \[[@r69]\]. Notably, the concentration of the compounds determines their antioxidant or pro-oxidant activity. Pro-oxidant activity can induce damage to biomolecules such as DNA, lipids, or proteins \[[@r70]\]. Excess CGA intake for prolonged periods may cause pro-oxidative effects \[[@r71]\] on the liver, kidneys, and bone marrow \[[@r20], [@r56]\]. Intravenous CGA at high doses has been reported to cause DNA damage \[[@r72]\] and a range of inflammatory reactions in rats \[[@r73]\]. In humans, high doses of CGA can cause cardiovascular complications \[[@r74]\], headache, diarrhea, emesis, asthma, pruritus, anxiety, liver damage, and kidney damage \[[@r75]-[@r77]\]. However, CGA doses required to have pro-oxidative effects or induce an inflammatory response were in excess of the typical human diet. Therefore, dietary supplementation with CGA should be in moderation for optimal health.

2.3. CGA Metabolites Exhibit Anti-Inflammatory Properties {#sec2.3}
---------------------------------------------------------

CGA has a broad range of anti-inflammatory effects relevant to pain. *In vitro* studies suggest that possible mechanisms of CGA's anti-inflammatory effects involve inhibition of: NF-kB \[[@r40], [@r41], [@r47], [@r78]\], TNF-α \[[@r47]\], IL-1β \[[@r47]\], IL-6 \[[@r41]\], PGE~2~ \[[@r40], [@r41]\] and JNK/AP-1 signaling pathway activation \[[@r40]\]. Further, CGA inhibits the synthesis of other mediators, such as interferon-γ, monocyte chemotactic protein-1, and macrophage inflammatory protein-1α \[[@r41]-[@r43]\]. Moreover, CGA metabolites caffeic acid \[[@r37], [@r79], [@r80]\] and ferulic acid \[[@r81], [@r82]\] have also been reported to have anti-inflammatory effects. These findings indicate that the anti-inflammatory effects of CGA are not limited to the parent molecule. The metabolites of CGA appear to contribute to its pain-alleviating mechanisms by interrelated anti-inflammatory mechanisms.

Caffeic acid is a major metabolite of CGA with extensively-documented anti-inflammatory activity. Caffeic acid decreased NO and PGE~2~ production and downregulated TNF-α, COX-2, and inducible nitric oxide synthase levels in LPS-stimulated RAW264.7 cells. Caffeic acid also suppressed the nuclear translocation of AP-1 family proteins and the related upstream signaling cascade composed of IL-1 receptor-associated kinase (IRAK)-1, IRAK4, transforming growth factor β-activated kinase 1, MAPK kinase 4/7, and JNK \[[@r80]\]. These results indicate that the antioxidative effect of caffeic acid and its restoration of redox balance are responsible for caffeic acid's anti-inflammatory action \[[@r37]\].

Detailed examination of the minor CGA metabolite sinapic acid also shows anti-inflammatory properties. Sinapic acid was able to inhibit LPS-induced expression of NO, PGE~2~, TNFα, IL-1β, and NF-κB in a dose-dependent manner *in vitro* \[[@r83]\]. However, Jin *et al*. showed that a single dose of CGA was not sufficient to alter TNF-α levels in the supernatant of LPS-stimulated RAW cells \[[@r84]\]. On the other hand, the herbal formula of *Rosae Multiflorae Fructus*, which contains a remarkable amount of CGA, demonstrated anti-inflammatory properties in LPS-stimulated RAW264.7 cells due to its regulatory effects on the NF-κB and MAPK signaling pathways \[[@r78]\]. Ferulic acid, another metabolite of CGA, exerts anti-inflammatory effects *via* similar mechanisms as CGA \[[@r79], [@r82]\]. Such variations in findings between studies on metabolites and herbal extracts may be due to the use of different dosing regimens.

Table **[1](#T1){ref-type="table"}** lists a summary of CGA\'s anti-inflammatory effects *in vitro*. Table **[2](#T2){ref-type="table"}** summarizes CGA\'s anti-inflammatory effects *in vivo*.

3. EFFECTS OF CHLOROGENIC ACID IN INFLAMMATORY AND NEUROPATHIC PAIN MODELS {#sec3}
==========================================================================

Primary afferents in the periphery transduce information about noxious stimuli by synapsing onto second-order neurons in the dorsal horn of the spinal cord. The second- order neurons decussate the spinal cord, ascend, and project to the thalamus. In the thalamus, the second-order neurons synapse onto the third-order neurons, which project to the somatosensory cortex. Modulation of any part of the spinothalamic pathway, especially the dorsal horn, can result in changes in pain transmission, and ultimately pain perception \[[@r7]\]. For example, peripheral nerve injuries cause neural plasticity, which leads to central sensitization of the spinal neurons and enhancement of nociceptive transmission \[[@r7], [@r85]-[@r87]\].

Both peripheral and central sensitizations are involved in neuropathic pain, and the mechanisms are very complex. Neuropathic pain results from tissue damage, inflammation, or injury of the nervous system. Neuropathic pain is characterized by three sensory abnormalities: (i) increased sensitivity to painful stimuli (hyperalgesia); (ii) perception of innocuous stimuli as painful (allodynia); and (iii) spontaneous pain \[[@r88]\]. Nerve injury leads to an inflammatory response, prompting the release of several ions, histamine, TNF-α, ATP, PGs, leukotrienes, cytokines, and nerve growth factor. During this inflammatory response, macrophages release a variety of inflammatory mediators, and the expression of these mediators is regulated by different intracellular signaling pathways, such as NF-κB \[[@r89]\]. This cocktail of mediators serves as a mechanism of enhanced inflammatory response to an injured nerve and contributes to neuropathic pain \[[@r88]\].

Ethnopharmacological use of medicinal plants with anti-inflammatory properties may be a starting point for the discovery of new classes of analgesics for neuropathic pain. As we have explained, neuropathic pain is modulated by the immune and inflammatory systems. Therefore, there has been considerable interest in investigating the antinociceptive and anti-inflammatory effects of phenolic compound-rich plants, such as those with CGA. For example, *Cnidium officinale* is traditionally used in Korea to attenuate pain and increase stamina \[[@r90]\]. Postoperative, neuropathic, and menopausal pain models confirmed that *C. officinale* extracts attenuate hypersensitivity \[[@r91]\]. Further, in the rat spared nerve injury model, *C. officinale* inhibited the induction of the proinflammatory cytokines and calpain-3 in dorsal root ganglion neurons, which may be due to its CGA and ferulic acid contents. Similarly, *Mansoa alliacea*, native to the Brazilian Amazon, is used in the treatment of fever, convulsions, and head and neck pain \[[@r92]\]. Phytochemical screening of *M. alliacea* revealed the presence of several phenolic compounds, such as ρ-coumaric acid, luteolin, apigenin, ferulic acid, and CGA. *M. alliacea* extracts exhibit antinociceptive activity in the CFA model of inflammatory pain model, which may be δ-opioid receptor-mediated, in addition to CGA's anti-inflammatory properties \[[@r93]\]. The consensus of the literature is that extracts derived from CGA-containing plants produce antinociception in animal models \[[@r22]-[@r24], [@r93]\]. While pure CGA is not effective for the treatment of acute pain \[[@r94]\], it may possess antinociceptive activity in tonic and inflammatory pain models, such as formalin- and carrageenan-induced pain \[[@r17]\] and chronic neuropathic pain models \[[@r94]-[@r96]\]. CGA's effectiveness in chronic neuropathic pain models may be due to CGA's anti-inflammatory properties. Dos Santos *et al*. suggested that the antinociceptive effect of CGA in inflammatory pain is associated with its inhibitory activity on peripheral TNF-α and NO \[[@r17]\]. Other studies using different pain models reported that CGA-rich fractions of the medicinal plants *Urtica urens*, *Urtica circularis*, and *Cheilanthes farinosa* exhibit antinociceptive effects, which were attributed to their CGA content \[[@r22]-[@r24]\]. These studies posited that the effect of CGA on various animal models of pain was due to CGA's anti-inflammatory activity. Many authors noted that CGA has an inhibitory effect on peripheral synthesis or release of select inflammatory mediators, including TNF-α, NO, and several interleukins \[[@r17], [@r22], [@r97]-[@r99]\].

Chronic constrictive nerve injury (CCI) is a peripheral neuropathic pain model that initiates an inflammatory cascade \[[@r100], [@r101]\]. Both acute and chronic schedules of intraperitoneal CGA treatment inhibits mechanical hyperalgesia in CCI-induced neuropathic pain \[[@r95]\]. Moreover, CGA-mediated antinociception did not affect motor performance, suggesting that CGA is not psychoactive \[[@r95]\]. While intrathecal CGA had no effect on thermal hyperalgesia, CGA was able to reduce mechanical and cold hypersensitivity in the rat CCI model \[[@r96]\]. Histopathological analysis of the sciatic nerve confirmed that the antihyperalgesic effects of CGA in the CCI model was due to attenuation of the inflammatory cascade \[[@r95]\].

The results of these CCI studies suggest that the site of action of CGA's antihyperalgesic effects may be in spinal or supraspinal pathways. Supporting the hypothesis of a central site of action, intrathecal studies with a wide array of compounds determined that CGA's effects are, at least in part, mediated spinally by gamma-amino butyric acid ~A~ (GABA~A~) receptors. GABAergic transmission in the spinal cord has been demonstrated to modulate pain processing \[[@r102], [@r103]\]. GABA~A~ receptor agonists have been shown to attenuate hyperalgesia and allodynia induced by nerve injury \[[@r104]-[@r106]\]. The antihyperalgesic effects of CGA were partially reversed by GABA~A~ receptor antagonist bicuculline \[[@r106]\]. This finding suggests that CGA is effective against mechanical and cold hyperalgesia due to its activation of GABAergic transmission in the spinal cord. Conversely, a variety of antagonists, such as strychnine (glycinergic), yohimbine (adrenergic), naloxone (mu opioidergic), and methysergide and ondansetron (serotonergic) failed to reverse the antihyperalgesic effects of CGA \[[@r96]\]. The antinociceptive effects of CGA in inflammatory and neuropathic pain are also related to its inhibitory effects on the release or synthesis of inflammatory mediators, such as TNF-α, NO, and ILs \[[@r17], [@r97], [@r107]\]. While the exact mechanisms underlying CGA's role against neuro-inflammation are largely unknown, one possible explanation is linked to the suppressor role of CGA on the release of NO from LPS/interferon-γ-stimulated C6 astrocyte cells \[[@r17]\].

Oxidative stress is a key mediator in all phases of painful neuropathy, including the development, maintenance, and resolution of neuropathy \[[@r108], [@r109]\]. Peripheral nerve injury initiates an inflammatory process, which is often associated with free radical damage. *In vivo* and *in vitro* studies have shown that the antioxidant activities of CGA occur by inhibiting the formation of reactive oxygen species (ROS) or by scavenging them \[[@r18], [@r98]\]. Thus, CGA may have a beneficial and important role in the prevention of oxidative stress. Recent studies suggest that ROS may contribute to the development of neuropathic and inflammatory pain \[[@r88], [@r110]-[@r113]\]. Additionally, various phenolic antioxidants have been shown to exhibit antinociceptive activities in ROS-related pain \[[@r107], [@r114], [@r115]\]. Presumably, CGA exhibits this activity due to its antioxidant activities of inhibiting and/or scavenging ROS.

3.1. Effects of Chlorogenic Acid on Ion Channels Involved in Neuropathic Pain {#sec3.1}
-----------------------------------------------------------------------------

Voltage-gated potassium channels (Kvs) are physiological regulators of membrane potential in sensory neurons. Kv 1.4 channels present on small diameter nociceptive neurons (A^δ^ and C fibers) in the dorsal root ganglia \[[@r111]\] regulate the activity of those neurons \[[@r117]\]. The inhibition of the Kv 1.4-type channel leads to hyper-excitability and hyperalgesia \[[@r118]\]. Clinically, Kv malfunctions lead to neuronal excitability in various pathologic conditions, such as chronic pain, migraine, and multiple sclerosis \[[@r119], [@r120]\]. Notably, CGA strongly enhances Kv activities in rat trigeminal ganglion neurons during treatment naïve \[[@r121]\] and PGE~2~-induced inflammatory conditions \[[@r116]\], resulting in a gradual decrease of the excitability of neurons involved in signaling neuropathic and inflammatory pain \[[@r118], [@r121], [@r123]-[@r125]\]. Hyperpolarization of sensory ganglia may be an alternative explanation for CGA's antinociceptive effects in animal models. Therefore, Kvs are a putative therapeutic target for inflammation and neuropathic pain disorders \[[@r121], [@r125]\].

In addition to Kvs, peripheral acid-sensing ion channels have been suggested to be involved in various pain conditions. CGA was able to inhibit acid-sensing ion channels in rat dorsal root ganglia neurons and trigeminal ganglion neurons \[[@r126], [@r127]\], which indicates yet another novel peripheral antinociceptive mechanism of CGA. Further, peripheral application of CGA attenuated acidosis-induced pain \[[@r126]\] and trigeminal nociceptive pain \[[@r128]\].

3.2. Use of CGA and Active Metabolites as Complementary and Alternative Medicine for the Treatment of Rheumatoid Arthritis {#sec3.2}
--------------------------------------------------------------------------------------------------------------------------

Phenolic compounds and flavonoids are widely used in complementary and alternative medicine as treatments for arthritic diseases \[[@r128]-[@r130]\]. Rheumatoid arthritis (RA) is the most common inflammatory arthritis that leads to disability. Prolonged RA affects multiple joints, which are often affected in a fairly symmetrical fashion. Due to pathological progress, the inflammatory activity causes tendon tethering and erosion, and destruction of the joint surfaces, leading to an impaired range of movement and deformity \[[@r131]\]. Herbal remedies have been used in the treatment of the fever, pain, and inflammation related to RA in Asian and Mediterranean countries \[[@r131]-[@r134]\]. Herbal remedies aim to alleviate inflammatory mediators of RA, such as TNF-α, IL-1, IL-17, PGE~2~, and NO.

As briefly mentioned above, the first stage in the metabolism of CGA is hydrolysis to caffeic and quinic acids. Caffeic acid is subsequently metabolized to ferulic and vanillic acids \[[@r98]\]. Caffeic acid exerts antihyperalgesic activity in carrageenan-induced inflammatory pain in mice and rats by reducing neutrophils, free radicals, and nitric oxide-mediated hypernociception \[[@r114]\]. In addition, sodium ferulate, the sodium salt of ferulic acid, exhibits antihyperalgesic effects on CCI-induced neuropathic pain by decreasing P2X3 receptor-mediated primary afferent sensitization \[[@r107], [@r115]\]. These findings suggest that the antinociceptive effects of CGA may be a result of action by CGA itself and/or by its metabolites. Therefore, either CGA or its metabolites may alleviate RA.

*Porana sinensis, Erycibe obtusifolia*, and *Erycibe schmidtii* are CGA-containing plants widely used in traditional medicine for the treatment of joint pain and RA. The efficacy of CGA extracts from these plants has recently been validated in rodent models of tonic, visceral, and inflammatory pain \[[@r135]\]. The mechanism underlying these effects has been proposed to involve the inhibitory activity of CGA on PGE~2~ synthesis \[[@r135]\]. Further, CGA isolated from the aqueous fraction of *Bidens pilosa* showed anti-inflammatory effects in LPS-induced knee joint inflammation and complete freund\'s adjuvant induced arthritis by inhibiting TNF-α and IL-1β production \[[@r97]\].

*Hypericum perforatum (H. perforatum)* is used in traditional medicine in Europe as an agent to reduce inflammation and promote healing. *H. perforatum* is commercially available for therapeutic use in Brazil and strongly modulates inflammation and oxidative stress \[[@r136]\]. *H. perforatum* and other *hypericum* species have a well-documented antinociceptive role in rodents in different pain models \[[@r137]-[@r142]\]. The Iowa Center for Research on Botanical Dietary Supplements investigated the bioactivities of the constituents extracted from *H. perforatum* (including hyperforin, hypericin, pseudohypericin, quercetin, quercitrin, isoquercitrin, rutin, amentoflavone and CGA) in regards to their role in LPS-induced PGE~2~ production \[[@r143]\]. While extracts did not produce high enough concentrations of the target compounds to inhibit inflammation, amentoflavone, CGA, pseudohypericin, and quercetin inhibited LPS-induced PGE~2~ activity in their pure forms \[[@r143], [@r144]\]. CGA was less effective than the other bioactive compounds identified in *H. perforatum* extracts \[[@r144]\]. However, CGA reduced the proliferation of IL-1β-induced fibroblast-like synoviocytes by regulating the activation of the NF-κB and Janus-family tyrosine kinase/signal transducer and activator of transcription-signaling pathways (JAK/STAT) \[[@r145], [@r148]\]. Together, these studies suggest that pure CGA, or in combination with other bioactive extracts, may be a treatment for arthritis.

Much like the reports of CGA's efficacy in neuroinflammatory diseases \[[@r62]-[@r65]\], the findings of these complementary and alternative medicine studies may be overly optimistic; double-blind, placebo-controlled clinical trials are needed in order to confirm the validity of CGA as a putative treatment for human pain conditions. One randomized placebo-controlled trial demonstrated that oral consumption of either CGA-weak (420 mg CGA) and CGA-rich (780 mg CGA) coffee was sufficient to increase plasma antioxidant capacity greater than baseline levels, which was greater than placebo \[[@r146]\]. Similar results were reported by Corrêa *et al*. \[[@r147]\], who found increased plasma antioxidant capacity after subjects drank coffee for four weeks. In a metabolic analysis, coffee consumption led to an increase in serum coffee-derived compounds, such as caffeine, chlorogenic acid, and caffeic acid metabolites. Significant changes were also observed for serum concentrations of interleukin IL-18, 8-isoprostane, and adiponectin. These observations suggest that coffee consumption may have therapeutic utility as an antioxidant, though the clinical efficacy of CGA for the treatment and management of pain in humans remains to be elucidated.

*Ex vivo* pain-related experiments are summarized in Table **[1](#T1){ref-type="table"}**. The effects of CGA on *in vivo* pain models are summarized in Table **[2](#T2){ref-type="table"}**.

CONCLUSION
==========

As summarized in Fig. **[2](#F2){ref-type="fig"}**, CGA has the therapeutic potential to act against inflammatory and neuropathic pain *via* a variety of mechanisms; however, CGA does not alleviate acute pain. The anti-inflammatory, antioxidant, neuroprotective, and neurotrophic activities of CGA most likely underlie its antinociceptive effects. Furthermore, CGA-mediated antinociception does not affect motor performance, suggesting that CGA is not psychoactive.

Non-addictive pain treatment options with fewer side effects are needed in order to curb the ever-increasing wave of pain patients who become opioid addicts. The integration of ethnopharmacology with modern technologies has the potential to lead to the discovery of new analgesic medicines. Overall, CGA is an intriguing candidate for analgesic development. Indeed, a recent patent application (Pub. No. US2019/0255007 A1) aims to capitalize on the therapeutic potential of CGA in pain. The recent surge in popularity of green coffee dietary supplements, in addition to the ubiquitous nature of CGA in the diet, warrants future studies into the extent to which CGA modulates biochemical responses in the human body.

We apologize in advance to colleagues whose work could not be cited in this mini-review.
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![**Possible mechanisms of chlorogenic acid in regulating inflammation.** CGA has a broad range of anti-inflammatory effects relevant to pain and other health outcomes (neuroprotective, gastroprotective, renoprotective, antirheumatic, and anti-atherothrombotic effects). CGA and its metabolites appear to contribute to its pain-alleviating mechanisms by interrelated anti-inflammatory mechanisms.](CN-18-216_F1){#F1}

![**Possible mechanisms of chlorogenic acid in regulating inflammatory and neuropathic pain.** CGA inhibits inflammatory and neuropathic pain; however, CGA does not alleviate acute pain. The anti-inflammatory, antioxidant, neuroprotective, and neurotrophic activities of CGA most likely underlie its antinociceptive effects. Furthermore, CGA-mediated antinociception does not affect motor performance, suggesting that CGA is not psychoactive.](CN-18-216_F2){#F2}

###### Chlorogenic acid modulates pain and inflammation *in vitro.*

  ------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
                                        **Compound**                        **Method**                                                         **Model**                            **Dose**                                                                                                                                            **Response**                                                                     **Refs.**
  ------------------------------------- ----------------------------------- ------------------------------------------------------------------ ------------------------------------ --------------------------------------------------------------------------------------------------------------------------------------------------- -------------------------------------------------------------------------------- -------------
  **Anti-inflammatory effects**         CGA                                 Staphylococcal exotoxin-stimulated inflammation                    Human\                               0.2, 2, 20, and 200 µg/ml                                                                                                                           Anti-inflammatory;\                                                              \[[@r41]\]
                                                                                                                                               peripheral blood mononuclear cells                                                                                                                                                       inhibited production of TNF-α and IL-6                                           

  CGA                                   LPS-induced inflammation            RAW264.7 cells                                                     37.5 µg/ml                           Anti-inflammatory;\                                                                                                                                 \[[@r40]\]                                                                       
                                                                                                                                                                                    decreased LPS-induced cyclooxygenase (COX)-2 upregulation, inhibited PGE2 release, attenuated activation of NF-κB and JNK/AP-1 signaling pathways                                                                                    

  CGA                                   LPS-induced inflammation            Primary culture of microglia                                       1-4 mM                               Improved survival of dopaminergic neurons;\                                                                                                         \[[@r66]\]                                                                       
                                                                                                                                                                                    suppressed NO production, TNF-α release,\                                                                                                                                                                                            
                                                                                                                                                                                    and NF-κB translocation                                                                                                                                                                                                              

  Caffeic acid                          LPS-induced inflammation            RAW264.7 cells                                                     100-400 µM                           Decreased NO and PGE2 production;\                                                                                                                  \[[@r80]\]                                                                       
                                                                                                                                                                                    downregulated TNF-α, COX-2, and iNOS levels;\                                                                                                                                                                                        
                                                                                                                                                                                    suppressed nuclear translocation of AP-1 family proteins, IL-1 receptor, IRAK-1, IRAK4, TGF-β,TAK1, MAPKK-4/7, JNK                                                                                                                   

  *Rosae Multiflorae Fructus* extract   LPS-induced inflammation            RAW264.7 cells                                                     25, 50, 100, and 200 µg/ml           Anti-inflammatory;\                                                                                                                                 \[[@r78]\]                                                                       
                                                                                                                                                                                    regulatory effects on NF-κB and MAPK signaling pathways                                                                                                                                                                              

  **Pain modulatory effects**           CGA                                 Whole-cell patch-clamp recordings in an inflammatory environment   Rat trigeminal ganglion neurons      0.2 mmol                                                                                                                                            Promoted Kv channels activation and inactivation under inflammatory conditions   \[[@r122]\]

  CGA                                   Acid stretch test                   Rats; rat dorsal root ganglia neurons                              0.01, 0.1,\                          Ameliorated the acidosis-evoked pain;\                                                                                                              \[[@r126]\]                                                                      
                                                                                                                                               1, and 10 µM                         inhibited acid-sensing ion channels in rat dorsal root ganglia neurons                                                                                                                                                               

  CGA                                   Extracellular single-unit\          Rat trigeminal spinal nucleus caudalis neurons (SpVc)              0.1-10 mM                            Local CGA injection into the periphery suppressed SpVc neuron excitability                                                                          \[[@r127]\]                                                                      
                                        recordings                                                                                                                                                                                                                                                                                                                                                                       

  CGA                                   Whole-cell patch-clamp recordings   Rat trigeminal ganglion\                                           0.2 and\                             Enhanced Kv activities                                                                                                                              \[[@r121]\]                                                                      
                                                                            neurons                                                            1 mmol                                                                                                                                                                                                                                                                    
  ------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

###### Chlorogenic acid modulates pain and inflammation *in vivo* in rodent models.

  --------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
                                                          **Compound**                                                                          **Method**                        **Model**                                                          **Dose**                                                                                                                                     **Response**                                                                                                                                                                                                                   **Refs.**
  ------------------------------------------------------- ------------------------------------------------------------------------------------- --------------------------------- ------------------------------------------------------------------ -------------------------------------------------------------------------------------------------------------------------------------------- ------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------ -------------
  **Anti-inflammatory effects**                           CGA                                                                                   Piroxicam (NSAID)-induced ulcer   Rats                                                               5, 25, and 50 mg/kg                                                                                                                          Gastroprotective effect without altering the secretory functions; inhibited neutrophil migration; restored levels of antioxidant enzymes; blocked increase in TNF-α and leukotriene β4; did not restore prostaglandin levels   \[[@r148]\]

  CGA                                                     Acetaminophen-induced hepatotoxicity                                                  Mice                              10, 20, and 40 mg/kg                                               Reduced acetaminophen-induced TLR-3/4 and MyD88 expression; attenuated serum levels and liver mRNA expression of TNF-α, IL-1β, and IL-6      \[[@r43]\]                                                                                                                                                                                                                     

  CGA                                                     LPS-induced inflammation                                                              Mice                              50 mg/kg                                                           Decreased neutrophil infiltration in the liver; modulated TLR-4, TNF-α, and NF-κB signaling                                                  \[[@r44]\]                                                                                                                                                                                                                     

  **Pain modulatory effects**                             CGA                                                                                   CCI                               Rats                                                               0.5, 1, and 2 mg in 10 μL                                                                                                                    Reduced mechanical and cold hyperalgesia; no effect on thermal hyperalgesia                                                                                                                                                    \[[@r96]\]

  CGA                                                     Streptozotocin-induced diabetic neuropathy                                            Rats                              100 mg/kg                                                          Antihyperalgesic; chronic treatment reduced diabetes-induced hyperalgesia                                                                    \[[@r94]\]                                                                                                                                                                                                                     

  CGA                                                     CCI                                                                                   Rats                              50, 100, and 200 mg/kg                                             Inhibited mechanical hyperalgesia; antihyperalgesic activity without impairing motor coordination                                            \[[@r95]\]                                                                                                                                                                                                                     

  CGA                                                     Carrageenan-induced paw edema, formalin test                                          Rats                              10, 50, and 100 mg/kg                                              Anti-inflammatory and anti-nociceptive                                                                                                       \[[@r17]\]                                                                                                                                                                                                                     

  Caffeic acid                                            Carrageenan-induced inflammation                                                      Mice and Rats                     200 mg/kg                                                          Antihyperalgesic; reduced neutrophil-, free radical-, and nitric oxide-mediated hypernociception                                             \[[@r114]\]                                                                                                                                                                                                                    

  Ferulic acid                                            CCI                                                                                   Rats                              50 mg/kg                                                           Antihyperalgesic; decreased P2X3 receptor-mediated primary afferent sensitization                                                            \[[@r115]\]                                                                                                                                                                                                                    

  CGA isolated from aqueous fraction of *Bidens pilosa*   LPS-induced knee joint inflammation,\                                                 Rats                              2.5, 5, 10, 20, and 40 mg/kg                                       Anti-inflammatory; inhibited TNF-α and IL-1β production                                                                                      \[[@r97]\]                                                                                                                                                                                                                     
                                                          CFA-induced arthritis                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                  

  Methanol fraction of *Cheilanthes farinose*             Carrageenan-induced inflammation, formalin test, tail-flick test                      Mice                              200 and 400 mg/kg                                                  Strong anti-inflammatory and antinociceptive                                                                                                 \[[@r24]\]                                                                                                                                                                                                                     

  *Cnidium*\                                              Spared nerve injury, plantar incision, and ovariectomy rat model of menopausal pain   Rats                              30, 100, and 300 mg/kg                                             Antihyperalgesic; attenuated hypersensitivity in all pain models;\                                                                           \[[@r91]\]                                                                                                                                                                                                                     
  *officinale* extracts                                                                                                                                                                                                                              decreased mechanical hyperalgesia; inhibited\                                                                                                                                                                                                                                                                                                                               
                                                                                                                                                                                                                                                     proinflammatory cytokines and calpain-3 in dorsal root ganglia neurons                                                                                                                                                                                                                                                                                                      

  *Mansoa alliacea* extract                               CFA-induced inflammatory pain model                                                   Mice                              10  and 100 mg/kg                                                  Antihyperalgesic and antinociceptive; reversed thermal hyperalgesia, but did not reduce the CFA-induced edema nor myeloperoxidase activity   \[[@r93]\]                                                                                                                                                                                                                     

  Ethanolic\                                              Formalin test, hot plate test, acetic acid stretch test                               Mice                              10--300 mg/kg (intraperitoneal) 250 mg/kg and 500 mg/kg (per os)   Antinociceptive in the acid stretch test and formalin test                                                                                   \[[@r20]\]                                                                                                                                                                                                                     
  fraction of *Urtica circularis*                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                
  --------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
